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Gait and balance disturbances typically emerge in advanced Parkinson's disease with generally limited response to dopaminergic 
medication and subthalamic nucleus deep brain stimulation. Therefore, advanced programming with interleaved pulses was put 
forward to introduce concomittant nigral stimulation on caudal contacts of a subthalamic lead. Here, we hypothesized that the 
combined stimulation of subthalamic nucleus and substantia nigra pars reticulata improves axial symptoms compared with 
standard subthalamic nucleus stimulation. Twelve patients were enrolled in this 2x2 cross-over double-blind randomized 
controlled clinical trial and both the safety and efficacy of combined subthalamic nucleus and substantia nigra pars reticulata 
stimulation were evaluated compared with standard subthalamic nucleus stimulation. The primary outcome measure was the 
change of a broad-scaled cumulative axial Unified Parkinson's Disease Rating Scale score (Scale II items 13-15, Scale III items 
27-31) at '3-week follow-up'. Secondary outcome measures specifically addressed freezing of gait, balance, quality of life, non- 
motor symptoms and neuropsychiatric symptoms. For the primary outcome measure no statistically significant improvement was 
observed for combined subthalamic nucleus and substantia nigra pars reticulata stimulation at the 3-week follow-up'. The 
secondary endpoints, however, revealed that the combined stimulation of subthalamic nucleus and substantia nigra pars 
reticulata might specifically improve freezing of gait, whereas balance impairment remained unchanged. The combined stimu- 
lation of subthalamic nucleus and substantia nigra pars reticulata was safe, and of note, no clinically relevant neuropsychiatric 
adverse effect was observed. Patients treated with subthalamic nucleus and substantia nigra pars reticulata stimulation revealed 
no 'global' effect on axial motor domains. However, this study opens the perspective that concomittant stimulation of the 



Received December 22, 2012. Revised March 27, 2013. Accepted March 28, 2013. Advance Access publication June 11, 2013 
© The Author (2013). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved. 

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.Org/licenses/by-nc/3.0/), which 
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact 
journals.permissions@oup.com 



Nigral stimulation for axial symptoms 



Brain 2013: 136; 2098-2108 I 2099 



substantia nigra pars reticulata possibly improves otherwise resistant freezing of gait and, therefore, highly warrants a subse- 
quent phase III randomized controlled trial. 

Keywords: Parkinson's disease; DBS; gait; freezing; subthalamic nucleus 

Abbreviations: STN-DBS = subthalamic nucleus deep brain stimulation; SNr = substantia nigra pars reticulata; UPDRS = Unified 
Parkinson's Disease Rating Scale 



Introduction 

Deep brain stimulation of the subthalamic nucleus (STN-DBS) in 
Parkinson's disease is an established treatment for segmental 
motor symptoms and motor fluctuations (Deuschl et al., 2006; 
Kleiner-Fisman et al., 2006; Weaver et al., 2009) including early 
disease stages with beginning motor fluctuations (Schuepbach 
et al., 2013). However, debilitating axial motor symptoms are fre- 
quently observed during disease progression (Nutt et al., 2011) 
and contribute to a disproportional decline of the therapeutic re- 
sponse to standard dopaminergic treatment and to STN-DBS 
(Krack et al., 2003; St George et al., 2010; Castrioto et al., 
2011). We postulate that these different therapeutic outcomes 
of segmental and axial motor domains may mirror differential 
functional sub-loops of pathological motor network processing. 
Whereas standard STN-DBS may primarily facilitate the thalamo- 
cortico-spinal motor control improving segmental symptoms 
(Salenius et al., 2002; Potter-Nerger et al., 2008; Kuriakose 
et al., 2010; Weiss et al., 2012a), gait disturbances in advanced 
disease stages may be associated with defective motor processing 
of mesencephalic locomotor pathways (Ferraye et al., 2010; Moro 
et al., 2010) including descending nigropontine projections to 
spinal motor neurons (Potter et al., 2008; Chastan et al., 2009; 
Tsang et al., 2010; Thevathasan et al., 2011/?; Weiss et al., 
2012a). An attractive approach to modulate nigropontine loco- 
motor integration is to introduce co-stimulation of the substantia 
nigra pars reticulata (SNr) on a caudal electrode contact of a lead 
with rostral contacts located in the STN (Weiss et al., 2011a). 
Advanced programming with so-called 'interleaved pulses' allows 
independent stimulation of contacts with different amplitudes and 
pulse widths at a common frequency (Weiss et al., 2011a; 
Wojtecki et al., 2011; Kovacs et al., 2012) and therefore enables 
us to co-stimulate segregate functional motor loops at the level of 
the STN and SNr (Weiss et al., 2011a). 

Materials and methods 

This investigator-initiated phase II double-blind randomized controlled 
trial was registered at ClinicalTrials.gov (NCT01 355835) and a detailed 
study protocol was published elsewhere (Weiss et al., 201 1b). The trial 
was approved by the local Ethics committee in accordance with the 
Declaration of Helsinki. All patients provided written informed consent. 

Patients 

Patients with advanced Parkinson's disease and gait and balance im- 
pairment resistant to optimized dopaminergic and STN-DBS treatment 



(Weiss et al., 2011/?) were enrolled if they met the following inclusion 
criteria: age 18-80 years, disease duration >5 years, idiopathic 
Parkinson's disease including genetic forms of typical Parkinson's dis- 
ease, therapy with STN-DBS and Activa® impulse generator 
(Medtronic), axial UPDRS ^12 [sum score of Unified Parkinson's dis- 
ease Rating Scale (UPDRS) II, items 13-15 and UPDRS III, items 
27-31], one of the two rostral electrode contacts located in the STN 
area and the lowermost electrode contacts located in the caudal STN- 
SNr border zone, dopaminergic medication unchanged for 4 weeks 
before study enrolment, and implantation of STN-DBS electrodes for 
at least 6 months. Exclusion criteria were cognitive impairment (Mini- 
Mental State Examination <25 points), participation in other clinical 
trials during the past 3 months or during study enrolment, acute sui- 
cidal tendency or psychosis, other chronic pathological conditions 
interfering with the study protocol or interpretability of the data, 
and pregnancy. Comprehensive data on patient screening and patient 
enrolment are given in the CONSORT flow diagram (Fig. 1). Patients 
were screened for mutations in the most frequent Parkinson's disease 
associated genes. One patient (Patient PD11) was identified with a 
Parkin gene mutation (Supplementary material). 

Study design 

This study is a randomized double-blinded 2x2 cross-over single 
centre clinical trial. After trial commencement, there were no changes 
to methods or outcome assessments. We tested the hypothesis that 
combined STN + SNr stimulation is superior to improve axial motor 
symptoms compared with active subthalamic standard therapy after 
3 -week active treatment. 

Patients underwent a detailed 'baseline' assessment after overnight 
withdrawal of dopaminergic medication (OFF medication, OFF stimu- 
lation). In the same session, 'immediate testings' of standard STN 
stimulation versus combined STN + SNr stimulation treatment were 
performed. These three treatment conditions [i.e. (Baseline) in OFF 
medication OFF stimulation; standard STN stimulation in OFF medi- 
cation; and combined STN + SNr stimulation in OFF medication] were 
introduced 30min before the clinical ratings in randomized order. 
This session performed in an OFF medication state was considered 
to assess short-term efficacy and to ensure that parameters on sub- 
thalamic contacts were optimally adjusted. At the end of the imme- 
diate testing patients entered the '3-week follow-up' stage with both 
standard STN stimulation and combined STN + SNr stimulation active 
treatment in randomized order, prepared by the Institute for Clinical 
Epidemiology and Applied Biometry, Tubingen, Germany using a 
computer generated randomization. Endpoint assessments were ob- 
tained at the end of the '3-week follow-up' period and included 
both clinical and anamnestic measures as detailed below. In this 
cross-over trial we did not consider a second baseline assessment 
after the first '3-week follow-up' period (before entering the 
second '3-week' period). Based on current literature it is highly im- 
probable, that carry-over effects from either combined STN + SNr 
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CONSORT 2010 Flow Diagram 



Enrolment 



Assessed for eligibility (n = 28) 



Excluded (n = 16) 

♦ Not meeting inclusion criteria (n = 15), 
i.e. cognitive impairment, electrode 
localisation, competing disease, age 

♦ Declined to participate {n = 1 ) 



Randomized (n=12) 



standard STN 



Allocated to intervention (n = 12) 

♦ Received allocated intervention (n = 12) 

♦ Did not receive allocated intervention (n = 0) 



Allocation 
(cross-over) 



STN+SNr 



Allocated to intervention (n = 12) 

♦ Received allocated intervention (n = 12) 

♦ Did not receive allocated intervention (n = 0) 



Follow-Up 



Lost to follow-up (n = 0) 

Discontinued intervention (gait impairment) 
(n=4) 



Analysis 



Analyzed (n = 12) 

♦ Excluded from analysis (n = 0) 



Lost to follow-up (n = 0) 
Discontinued intervention (n = 0) 



Analyzed (n = 12) 

♦ Excluded from analysis (n = 0) 



Figure 1 CONSORT chart. [STN + SNr] = combined STN + SNr stimulation. 



stimulation or standard STN stimulation treatment might outlast a 
'3-week follow-up' given: (i) the immediate recurrence of motor 
symptoms when the stimulator is switched OFF; and (ii) clearly dis- 
criminate motor effects of subthalamic and nigral stimulation were 
demonstrated within short time intervals (Chastan et al., 2009; Weiss 
et al., 2011a). This was recently confirmed by an independent study 
that described fast clinical wash-out after turning off the DBS that 
was most pronounced in advanced disease stages (Cooper et al., 
2013). Therefore, and for ethical reasons, we did not implement 
a second baseline assessment that would have necessitated 
another l-DOPA and stimulation withdrawal after the first 3-week 
follow-up'. 

Because both standard STN stimulation and combined STN + SNr 
stimulation similarly controlled for segmental symptoms and did not 
induce acute adverse events or other sensations using the study par- 
ameters applied, there was no indication that the patients were able to 
distinguish between the two stimulation programs. However, patients 
and the endpoint assessor may have noticed when stimulators were 
switched OFF in the baseline condition due to the recurrence of seg- 
mental Parkinson's disease symptoms. For ethical reasons patients 
were informed that the two programs of standard STN and combined 
STN + SNr stimulation were designed to study the differential thera- 
peutic efficacy on gait measures. 

The initial titration of subthalamic and nigral stimulation parameters 
was performed by the principal investigator (D.W.) who also stored 



the allocation code and held it closed until all endpoint assessments 
and final statistical analyses were performed. In order to keep both 
patients and endpoint assessors blinded to the treatment condition, 
parameters were changed several times between standard STN and 
combined STN + SNr stimulation before maintaining the intended pro- 
gram. Double-blind clinical endpoint assessments were performed by a 
specialized expert neurologist trained in Parkinson's disease and DBS 
treatment (T.W.). Patients were able to discontinue study treatment in 
accordance with the accepted ethical standard. 

Electrode localization 

Localization of the active STN and SNr contacts were determined by 
coregistration analyses of preoperative 3D -weighted MPRAGE and 
postoperative 3D T-, -weighted FLASH sequences. Coregistration ana- 
lyses were performed with Matlab 7.0 and the open-source toolbox 
SPAA5 and indicated electrode localization of active contacts in the 
dorsolateral portions of STN and SNr, respectively (Fig. 2). 

Therapy and stimulation parameters 

At the time of study enrolment, all patients were implanted with 
Activa® pulse generators (enabling advanced interleaved program- 
ming). Some individual patients with longer follow-up periods of 
DBS therapy (up to 79 months) initially received Kinetra® pulse 
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Figure 2 Localization of active electrode contacts of (A) dorsolateral STN and (B) dorsolateral SNr. Coordinates relative to the mid- 
commisural point (MCP) were: left STN -11.4 ±0.8, -0.9 ±2.0, -3.0 ±1.7; right STN 13.5 ±1.1, -0.5 ±1.7, -2.2 ±1.5; left SNr 
-10.0 ±0.9, -3.4±2.1, -6.4 ±1.8; right SNr 12.1 ± 1 .3, -3.3±1.7, -5.8±1.5 (x, y, z; x = medio-lateral, y = anterio-posterior, 
z = rostro-caudal). Electrode coordinates (mean ± standard deviation in x- and /-direction) are visualized in coronal view on the Atlas of 
the Human Brain with permission (Mai etal., 2007). (C) An additional illustrative image of electrode localization including a simulation on 
volume of tissue activated was kindly provided by Medtronic based on work by Yelnik etal. (2007) (atlas) and D'Haese etal. (2012) (atlas 
and algorithms). 



generators; however these were changed to Activa® pulse generators 
after battery depletion during regular clinical follow-up. Activa® pulse 
generators were available at our study site from 2009. 

The stimulation parameters applied during the study phase were 
established according to our stringent predefined study protocol 
(Weiss et al., 2011b) to achieve the best individual parameters for 
active subthalamic contacts in patients with emerging gait disturb- 
ances. This protocol provides a standardized procedure including the 
concept of 'better side reduction' (Fasano et al., 2011) in order to 
ensure best individual STN stimulation parameters before entering 
the study. Here, in general the rostral contacts 2 (second upper left 
STN of the quadripolar electrode) and 10 (second upper right STN) 
were chosen, that also prevented current spreading from the subtha- 
lamic active contacts to SNr. This programming was performed before 
patients entered the study. 

Importantly, when entering the study protocol, we again ascertained 
that segmental motor symptoms were optimally controlled from stand- 
ard STN stimulation. Therefore, the medication OFF session was con- 
sidered to verify optimal stimulation parameters as gold standard (i.e. 
for tremor, bradykinesia and rigidity) before entering the 'immediate 
testing'. Nigral stimulation was standardized on a common pulse width 
of 60|is and all subthalamic and nigral contacts were stimulated at a 
common frequency (125 Hz). Detailed information on the stimulation 
parameters is provided (Supplementary Tables 1 and 2). 

Throughout the study the stimulation parameters of the active sub- 
thalamic contacts as well as medication were held constant, including 
'immediate testing' and both '3-week follow-up' assessments. Of 
note, owing to the delayed onset of dyskinesia after introduction of 
combined STN + SNr stimulation, medication in one patient and nigral 
stimulation parameters in two patients had to be adjusted during the 



'3-week follow-up" according to the intention-to-treat principle (de- 
tailed below). 

Outcome measures 

In this phase II study we primarily aimed to investigate a broad spec- 
trum of axial motor symptoms. Therefore, a broad-scaled primary end- 
point was defined as 'axial score' built from eight items of the 
anamnestic UPDRS II (items 13-15: falling unrelated to freezing, freez- 
ing when walking, walking) and the clinical UPRDS III (items 27-31: 
arising from chair, posture, gait, postural stability, body bradykinesia 
and hypokinesia), all 5-point rated. For the statistical evaluation the 
five rating points are represented by the numbers 0 to 4, which rep- 
resent increasing levels of impairment on different axial motor domains 
including freezing of gait, independence of gait, balance and posture. 
This 'axial score' was summed of the ratings across the eight items 
(range 0-32). Secondary clinical endpoint assessments tested axial 
motor function (UPDRS III, items 27-31), balance (Berg Balance 
Scale; Berg et al., 1992), gait [timed walking test from Core 
Assessment Program for Surgical Interventional Therapies in 
Parkinson's Disease (CAPSIT-PD)], and freezing of gait (Freezing of 
Gait Assessment Course) (Ziegler et al., 2010). The Freezing of Gait 
Assessment Course reliably detects freezing of gait given its episodic 
nature and dependence on environmental factors and includes elem- 
ents like 'walking through a narrow door', 'turning in tight space' and 
'dual tasking' that are well-known to provoke freezing of gait. These 
clinical ratings were obtained at baseline, upon 'immediate testing' and 
at '3-week follow-up' in all treatment conditions. Further anamnestic 
measures were assessed at baseline and at '3-week follow-up' on: 
(i) gait impairment related to freezing (Giladi Freezing of Gait 
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Questionnaire) (Giladi et al., 2009); (ii) quality of life (PDQ-39); 
(iii) neuropsychiatric symptoms (Beck's Depression Index, Barrett 
Impulsiveness Scale); and (iv) non-motor symptoms (Non-motor 
Symptoms Scale) (Storch et al., 2010). Note that the anamnestic 
scores and the primary endpoint (including anamnestic items) were 
not considered for 'immediate testing' as treatment conditions were 
separated by only 30min. 

Statistical analysis 

The primary endpoint for the confirmatory statistical analysis was the 
difference in the 'axial score' between standard STN and combined 
STN + SNr stimulation at '3-week follow-up'. A sample size of 10 pa- 
tients was estimated to be sufficient to detect a difference of 4 points 
on the primary outcome measure with 80% power, assuming a stand- 
ard deviation of 4.0 (effect size: 1.0; NQuery Advisor 7.0). Assuming 
normal distribution a two-sided paired £-test with a = 0.05 on the null 
hypothesis of equality of the two therapies was applied. The normality 
assumption on the primary endpoint was confirmed using the Shapiro- 
Wilk test. To adjust for a maximum of two dropouts n = 12 patients 
were enrolled. 

Assuming normal distributions, the statistical analysis of the primary 
and all secondary outcomes includes a control for period effects. 
Therefore, unpaired £-tests were used to compare the sum of the 
scores in the two periods, i.e. the group of six patients who were 
randomized to standard STN stimulation followed by combined 
STN + SNr stimulation versus the group of six patients who were ran- 
domized to combined STN + SNr stimulation followed by standard STN 
stimulation (Wellek and Blettner, 2012). In the second step we ana- 
lyzed the difference between the scores for combined STN + SNr 
stimulation and for standard STN stimulation. First we confirmed the 
normal distribution and if no evidence against the normality assump- 
tion was found (P > 0.05 on the Shapiro-Wilk tests) we compared the 
differences with paired f-tests. In case of evidence against the normal- 
ity assumption we used sign tests. 

The primary endpoint was statistically analyzed with the paired 
f-test. The outcome on the primary endpoint was decided on a two- 
sided significance level of 0.05. All secondary endpoints were analyzed 
with an exploratory intention and no confirmatory interpretation was 
drawn. As in this situation the 'use of multiple test procedures will not 
solve the problem of making valid statistical inference for hypotheses 



that were generated by the data' (Bender and Lange, 2001) findings 
from the exploratory analyses are subject to testing in confirmatory 
follow-up trials and accordingly not corrected for multiple comparisons 
here. 

Moreover, given some clinical heterogeneity of our cohort concern- 
ing disease duration and time from DBS implantation (as typically 
observed along the variable endophenotypic spectrum of idiopathic 
Parkinson's disease) we additionally performed non-parametric testing 
on the primary endpoint and further on secondary endpoints without 
normal distribution (Non-motor Symptoms Scale, CAPSIT-PD, Berg 
Balance Scale) using a sign test. All measurements are presented 
with mean ± standard deviation for parametric tests and median 
(range) for non-parametric tests. The results presented were two- 
sided P-values without adjustments. 



Results 

Of 28 patients assessed for eligibility in our study centre 12 pa- 
tients with advanced Parkinson's disease (nine male, age 
65.0 ± 8.9 years) were enrolled between January 2011 and June 
2012 at the Department for Neurodegenerative Diseases 
(Table 1). Reasons that precluded study participation were cogni- 
tive impairment (Mini-Mental State Examination < 25; n = 5), 
caudal electrode contact located outside STN-SNr border zone 
(n = 4), other disease that interfered with gait (n = 5), age > 80 
years (n = 1), retracted consent (n = 1) (Fig. 1). The study cohort 
had age at Parkinson's disease onset of 47.0 ± 8.3 years, disease 
duration 17.6 ±5.2 years, and time since DBS implantation 
31.3 ±24.4 (range: 6-79) months. The mean Mini-Mental State 
Examination score was 28.7 ±1.3 (no patient <25). Four patients 
wished to discontinue standard STN stimulation treatment prema- 
turely (Patients PD3, PD7, PD10 and PD11) owing to more pro- 
nounced gait impairment (Patients PD10 and PD11), immobility 
(Patients PD3 and PD7) or falls (Patient PD7). Three of these 
patients had been treated with combined STN + SNr stimulation 
first. A detailed overview on immediate (Table 2) and '3-week 
follow-up' results (Table 3) is given. 



Table 1 Patient characteristics 



ID 


Age, years 


Gender 


Age at onset, 


Disease duration, 


Time with DBS, 


LED, mg 


Axial score at 








years 


years 


months 




enrolment 


PD1 


63 


F 


42 


21 


18 


490 


20 


PD2 


72 


M 


58 


14 


20 


890 


20 


PD3 


74 


F 


48 


26 


61 


275 


15 


PD4 


68 


M 


51 


16 


8 


934 


14 


PD5 


61 


M 


44 


16 


53 


150 


14 


PD6 


71 


F 


53 


17 


30 


575 


17 


PD7 


71 


M 


57 


13 


6 


807 


23 


PD8 


61 


M 


37 


23 


51 


785 


18 


PD9 


61 


M 


47 


14 


7 


1098 


12 


PD10 


67 


M 


41 


26 


79 


440 


14 


PD11 


41 


M 


31 


10 


10 


350 


14 


PD12 


70 


M 


55 


15 


33 


1000 


12 



F = female, M = male; LED = l-DOPA equivalent dosage. 
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Table 2 Results from 'immediate testing' 





Baseline 

OFF mpdiration 
OFF stimulation 


'Immediate Testing' 






Standard STN 
stimulation 


Combined STN + SNr 
stimulation 


P- value 


Secondary endpoints 










Axial UPDRS III (items 27-31) 


11.17±3.56 


9.25 ±4.67 


8.17 ±4.09 


0.041 a 


Segmental UPDRS III (items 20-26) 


38.0 ±5.10 


29.17 ±6.62 


27.58 ±7.96 


0.1347 a 


FOG-AC 


22.17 ± 11.74 


16.25 ± 12.78 


8.67 ±10.92 


0.0056 a 


CAPSIT [steps] 


18.5 (13-82)§ 


14.5 (8-51. 5)§ 


14.5 (8.5-36)§ 


0.5488 b 


CAPSIT [time] 


12 (6.5-1 05)§ 


7.5 (5.5-67.5)§ 


8.5 (5-28)§ 


0.7539 b 


CAPSIT [freezing] 


0.5 (0-3)§ 


0.5 (0-3)§ 


0 (0-0.5)§ 


>0.99 b 


Berg Balance Scale 


41.5 (11-56)§ 


47 (15-56)§ 


50 (9-56)§ 


0.7266 b 



FOG-AC = Freezing of Gait Assessment Course. 

a Mest. 

b Sign Test. 

§Median (Min-Max). 



Table 3 Results from the '3-week follow-up' 





Baseline 

OFF medication 
OFF stimulation 


'3-week follow-up' 






Standard STN 
stimulation 


Combined STN + SNr 
stimulation 


P- value 


Primary pndnoint (axial UPDRS II + llh 

F IllllCtly ^1 1 VJ L/UI III \ Q.A 1 CU w 1 I— ' 1 \«J II i III/ 


17.25 ± 4.31 


14.25 ± 5.75 


13.42 ± 6.47 


0 470 a 0 5078 b 


^prondarv pndnoint<; 

•J\^\+\Jl IVIul V VI l\AyJ\J III IJ 










Segmental UPDRS III (items 20-26) 


38 0 + 5 10 


oq 75 + 6 03 


29.75 ± 5.53 


0.51 80 a 


Axial UPDRS III (items 27-31) 


11.17 zb 3.56 


8.08 ± 4.01 


8.08 ± 4.38 


>0.99 a 


FOG-AC 


22.17 ± 1 1 .74 


14.42 ±13.19 


8.33 ± 10.91 


0.0468 a 


CAPSIT [steps] 


18.5 (13-82)§ 


14.25 (8-115)§ 


13 (8.5-28.5)§ 


0.2266 b 


CAPSIT [time] 


12 (6.5-1 05)§ 


7.5 (4.5-71 )§ 


7 (5-22. 5)§ 


0.3438 b 


CAPSIT [freezing] 


0.5 (0-3)§ 


0.25 (0-3.5)§ 


0 (0-0.5)§ 


0.0625 b 


Berg Balance Scale 


41.5 (11-56)§ 


51.5 (19-56)§ 


51.5 (17-56)§ 


>0.99 b 


FOG-Q 


14.67 ±4.70 


16.17 ±3.83 


14.50 ±4.89 


0.1013 a 


PDQ-39 










Mobility 


53.96 ±23.78 


54.32 ± 27.23 


49.38 ±25.30 


0.2925 a 


Activities of daily living 


42.01 ±20.45 


45.08 ± 23.04 


45.14 ±22.46 


0.4825 a 


Emotional well-being 


26.74 ± 15.02 


25.38 ±21.45 


23.96 ± 17.87 


0.5697 a 


Stigma 


21.88 ±27.24 


22.73 ±25.35 


20.31 ±21.01 


0.4592 a 


Social support 


18.06 ±23.26 


18.94 ±23.89 


11.81 ± 10.93 


0.2767 a 


Cognition 


31.25 ±24.28 


23.30 ±22.89 


24.48 ±21.89 


0.4933 a 


Communication 


40.97 ± 18.62 


31.82 ±21.99 


36.81 ±22.88 


0.6250 a 


Bodily discomfort 


35.42 ±21.06 


34.85 ±22.61 


36.81 ± 16.84 


0.7623 a 


BDI 


8.67 ±3.37 


7.91 ±3.94 


9.25 ±5.55 


0.3497 a 


NMSS 










Cardiovascular 


1 (0-9)§ 


0 (0-6)§ 


0 (0-9)§ 


0.3750 b 


Sleep 


9 (0-20)§ 


8 (0-24)§ 


1 1 .5 (0-28)§ 


0.1797 b 


Mood 


5.5 (2-1 8)§ 


8 (0-28)§ 


7 (0-49)§ 


0.7539 b 


Cognition 


0 (0-1 2)§ 


0 (0-4)§ 


0 (0-1 3)§ 


>0.99 b 


Concentration 


6 (0-27)§ 


4 (0-24)§ 


5 (0-32)§ 


0.2891 b 


Gastrointestinal 


8 (0-25)§ 


8 (0-20)§ 


6.5 (0-20)§ 


0.7266 b 


Micturition 


7 (0-30)§ 


8 (0-28)§ 


8.5 (0-1 8)§ 


>0.99 b 


Sexual function 


4 (0-1 8)§ 


0 (0-1 2)§ 


1 (0-1 2)§ 


>0.99 b 


Sundries 


7 (0-24)§ 


4 (0-26)§ 


9 (0-1 8)§ 


0.7266 b 


Barrett Impulsiveness Scale 


62.6 ±5.91 


63.55 ±4.3 


61 .67 ±5.18 


0.2894 a 


UPDRS IV 


5.75 ±1.96 


6.27 ±2.45 


5.17 ±3.04 


0.2335 a 



FOG-AC = Freezing of Gait Assessment Course; FOG-Q = Freezing of Gait Questionnaire; CAPSIT = timed walking test from the Core Assessment Program; 
PDQ-39 = Parkinson's disease questionnaire (Quality of life, 39 items); BDI = Beck's Depression Scale Index; NMSS = Non-motor Symptoms Scale; UPDRS = Unified 
Parkinson's Disease Rating Scale. Two-sided P-values are given. 
a £-Test. 

b Sign Test, § Median (Min-Max). 
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Primary outcome parameter on axial 
motor impairment 

At baseline (medication OFF, stimulation off) patients demon- 
strated severe impairment on the axial score as primary endpoint 
(17.25 ± 4.31). At '3-week follow-up', no statistically significant 
difference was found on the axial score between conditions [com- 
bined STN + SNr stimulation: 13.42 ±6.47; standard STN stimula- 
tion: 14.25 ±5.75; effect = 0.83 ± 3.86; 95% confidence interval 
(CI) -1.62-3. 82; P = 0.470; Fig. 3]. An additional non-parametric 
testing with the sign test revealed similar results. Four patients 
wished to discontinue standard STN stimulation treatment prema- 
turely (Patient PD3: 3h, Patient PD7: 19 days, Patient PD10: 2 
days, Patient PD11: 9 days) but completed the entire combined 
STN + SNr stimulation follow-up. In these patients, the individual 
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Figure 3 Primary endpoint at '3-week follow-up'. Results are 
given as box plots, x-axis: therapeutic condition; /-axis: axial 
score. [STN + SNr] = combined STN + SNr stimulation. 



axial UPDRS scores improved in the combined STN + SNr stimula- 
tion condition compared with standard STN stimulation (Patient 
PD3: 16 versus 19; Patient PD7: 25 versus 27; Patient PD10: 9 
versus 13; Patient PD11: 4 versus 9) with endpoint assessments 
performed according to the intention-to-treat principle. Three 
were randomized to combined STN + SNr stimulation first 
(Patients PD3, PD10 and PD11). 

Secondary outcome measures: 
differentiation of distinct axial 
motor domains 

For all secondary endpoints, no significant period effects were 
detected. In the 'immediate testing' and at '3-week follow-up" 
the segmental UPDRS III (items 20-26) was improved with both 
standard STN stimulation and combined STN + SNr stimulation 
compared with medication OFF stimulation OFF (baseline), as ex- 
pected (Tables 2 and 3). At baseline, patients presented with 
severe axial motor symptoms according to the axial UPDRSIII 
(items 27-31) (11.17 ± 3.56). Greater improvement was observed 
in the 'immediate testing' with combined STN + SNr stimulation 
compared with standard STN stimulation on only active subthala- 
mic contacts (8.17 ±4.09 versus 9.25 ± 4.67; P = 0.041), how- 
ever, no difference was found at the '3-week follow-up' 
(8.08 ±4.38 versus 8.08 ±4.01; P > 0.99). Similarly, patients 
presented with severe freezing of gait at baseline according to 
the Freezing of Gait Assessment Course (22.17 ± 11.74). This im- 
proved more with combined STN + SNr stimulation compared with 
standard STN stimulation in the 'immediate testing' (8.67 ± 10.92 
versus 16.25 ±12.78; P = 0.006) and at the '3-week follow-up' 
(8.33 ± 10.91 versus 14.42 ± 13.19; P = 0.047). Of note, freezing 
of gait presented with similar severity both at 'immediate testing' 
and at '3-week follow-up' in both treatment conditions, although 
at '3-week follow-up' patients were ON their regular dopamin- 
ergic medication unlike 'immediate testing' (Fig. 4). In the CAPSIT- 
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Figure 4 Secondary endpoint: results at (A) 'immediate testing' and at (B) '3-week follow-up' are given for the Freezing of Gait 
Assessment Course. Results are given as box plots, x-axis: therapeutic condition; /-axis: score of the Freezing of Gait Assessment Course. 
[STN + SNr] = combined STN + SNr stimulation. 
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PD timed walking test no relevant differences were observed be- 
tween combined STN + SNr stimulation and standard STN stimula- 
tion in the number of steps and time. Freezing episodes occurred 
more frequently with standard STN stimulation compared with 
combined STN + SNr stimulation at '3-week follow-up' 
(P = 0.063; Supplementary material) but not at 'immediate 
testing'. In the Giladi Freezing of Gait Questionnaire, freezing of 
gait improved with combined STN + SNr stimulation compared 
with standard STN stimulation, although not significantly 
(14.50 ±4.89 versus 16.17 ±3.83; P = 0.1). No differences 
were observed in the Berg Balance Scale. 

Ten of 12 patients wished to continue combined STN + SNr 
stimulation treatment at the end of the study. 

Quality of life and non-motor issues 

The PDQ-39 summary index was unchanged in both treatment 
arms. At baseline, patients presented with highest impairment 
of quality of life in the 'mobility' domain, as expected 
(53.96 ± 23.78). A slightly greater improvement was observed 
with combined STN + SNr stimulation compared with standard 
STN stimulation on 'mobility' (49.38 ± 25.30 versus 
54.32 ± 27.23; not statistically significant) and 'social support' 
(11.81 ± 10.93 versus 18.94 ±23.89; not statistically significant). 
No differences were identified in the distinct non-motor symptom 
domains. 

Adverse events 

In both treatment arms no serious adverse events were observed. 
Four patients wished to discontinue standard STN stimulation 
treatment prematurely. During combined STN + SNr stimulation 
active treatment, no acute side effects were observed, however, 
four adverse events were reported during the '3-week follow-up'. 
Two patients (Patients PD2 and PD9) reported delayed onset of 
dyskinesias within the first few days after introduction of com- 
bined STN + SNr stimulation, which completely resolved after ther- 
apy adjustment: in Patient PD2, stimulation amplitudes were 
lowered on the caudal contacts (-0.4V, both electrodes). 
Patient PD9 had already self-administered a reduction of the 
daily l-DOPA dosage by 125 mg when the patient informed the 
study site; this had already ameliorated the dyskinesias. The pa- 
tient was rescheduled and as slight dyskinesias persisted, the SNr 
amplitudes were lowered by -0.1 V on both sides. After therapy 
adjustment both patients were followed for the complete '3-week 
follow-up' period according to the intention-to-treat principle. 
One patient (Patient PD8) reported at the '3-week follow-up' 
visit that a few intermittent episodes of double vision during com- 
bined STN + SNr stimulation treatment, each lasting for a few se- 
conds, had occurred. Patient PD7 reported increased immobility 
and recurrent falls during the last week of follow-up under com- 
bined STN + SNr stimulation, whereas patient and caregiver con- 
sistently reported initial improvement of freezing of gait during the 
first 2 weeks. 



Safety measures 

No suicidality was reported. No change was found on the Beck's 
Depression Scale Index on group level; Patient PD1 presented with 
increased Beck's Depression Scale Index scores during combined 
STN + SNr stimulation compared to standard STN stimulation (18 
versus 7). Patient PD7 reported visual 'benign hallucinations with 
insight retained' (UPDRS I, item 2) during combined STN + SNr 
stimulation consistent with a former personal history of hallucin- 
ations as documented in the preoperative records. UPDRS I, item 
2 was unchanged at the group level between therapeutic condi- 
tions. No patient presented with psychosis. The comparison of 
standard STN stimulation and combined STN + SNr stimulation 
showed no differences between treatments on the Barrett 
Impulsivity Scale, on segmental motor symptoms (UPDRS III, 
items 20-26) and on motor fluctuations (UPDRS IV). 



Discussion 

In this randomized controlled phase II trial, intractable gait impair- 
ment as one of the major unmet needs in the treatment of 
advanced Parkinson's disease was treated with interleaved pulses 
of STN and SNr for the first time. This trial particularly addressed 
the therapeutic response of a broad spectrum of axial motor 
symptoms and secondarily disentangled the efficacy on distinct 
axial subdomains. The broad-scaled primary endpoint revealed 
no significant improvement of axial motor functioning with com- 
bined STN + SNr stimulation compared with stimulation on only 
active subthalamic contacts. Similarly, as a secondary endpoint 
analysis, there was only a slight improvement of the clinical axial 
motor items (UPDRS III, items '27-31') in the 'immediate testing' 
from combined STN + SNr stimulation compared with standard 
STN stimulation that did not present at the '3-week follow-up'. 
More specifically, we observed an improvement of freezing of gait 
on combined STN + SNr stimulation in the Freezing of Gait 
Assessment Course as secondary exploratory endpoint analysis, 
whereas postural control according to the Berg Balance Scale re- 
mained unchanged. This was in line with a (not statistically sig- 
nificant) five-point improvement in the mobility domain of the 
PDQ-39 with combined STN + SNr stimulation compared with 
standard STN stimulation. Although, no final conclusion can be 
drawn owing to the small sample size and exploratory nature of 
the secondary endpoints in this phase II trial, a difference of 3.2 
points on the PDQ-39 'mobility' subdomain was identified as 
meaningful to improve the patients' subjective clinical impression 
in large Parkinson's disease cohorts (Peto et al., 2001) and this 
may be verified in a larger follow-up trial. Of note, 4 of 12 pa- 
tients discontinued standard STN stimulation treatment, three of 
them after switching from combined STN + SNr stimulation to the 
standard STN stimulation condition. Consistently, in all of these 
patients, the individual primary endpoint scores were superior 
with combined STN + SNr stimulation and 10 of 12 patients pre- 
ferred to continue combined STN + SNr stimulation after comple- 
tion of the study. Group-level data of the primary endpoint and 
anamnestic secondary outcome measures have to be interpreted 
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with caution given the premature drop-outs in only the standard 
stimulation on only active subthalamic contacts treatment arm. 

Generally, it should be noted that the variability within the 
endophenotypic spectrum of idiopathic Parkinson's disease was 
also reflected by this study cohort and cannot be excluded. Even 
with genetic classifications, e.g. a spread in 'age at disease onset' 
and a variable disease progression was reported in LRRK2 muta- 
tion carriers (Schiesling et al., 2008). The clinical heterogeneity 
includes variable disease progression after STN-DBS with emerging 
axial symptoms resistant to standard therapy. However, regarding 
axial symptoms and cognitive decline, genetic biomarkers like the 
most common genetic susceptibility factor for Parkinson's disease, 
i.e. heterozygous mutations in the glucocerebrosidase (GBA) gene, 
might help to predict the individual profile of disease progression 
more accurately in the future (Weiss et al., 2012/?; Winder-Rhodes 
et al., 2013). In this context, another strength of this study was to 
identify patients with Parkinson's disease with predominant freez- 
ing of gait as a future subgroup of interest for neuromodulation 
trials on the level of SNr. This is also important for related neuro- 
stimulation strategies on axial motor symptoms, as a heteroge- 
neous spectrum of treatment response was observed in previous 
trials on pedunculopontine stimulation modulating balance or 
freezing of gait to a variable degree (Ferraye et al., 2010; 
Hamani et al., 2011). Therefore, the detailed phenotypic classifi- 
cation of patients with Parkinson's disease according to the clinical 
criteria identified here may help to reduce the heterogeneity of 
study cohorts in future trials on gait impairment. 

Concomittant stimulation of the SNr was safe and well- 
tolerated. Mild side-effects were delayed by a few days and 
were resolved completely. The motor response of segmental 
symptoms remained unchanged and, similarly, motor fluctuations 
remained well controlled. Therefore, as a major advantage of the 
concomittant nigral stimulation, the best individual subthalamic 
stimulation parameters can be maintained for reprogramming. 
Most importantly, SNr stimulation was safe on non-motor issues 
and major neuropsychiatric domains including depressive symp- 
toms, impulsivity, suicidality and psychotic symptoms. Previously, 
acute depressive (Bejjani et al., 1999; Blomstedt et al., 2008) or 
hypomanic clinical states (Ulla et al., 2011) were described in few 
selected cases with high-frequency stimulation on SNr contacts, 
and similarly, mood changes were described to emerge basically 
on 'ventral subthalamic' contacts in the COMPARE trial (Okun 
et al., 2009). However, the incidence of neuropsychiatric interfer- 
ence from SNr stimulation in unselected DBS cohorts remains 
undetermined. Recognizing these previous findings, we carefully 
monitored for neuropsychiatric symptoms and found that nigral 
stimulation may be applied safely. Nevertheless, patients with sub- 
thalamic and nigral stimulation should be followed with caution 
for neuropsychiatric symptoms. Larger cohorts and longer follow- 
up ranges are needed to draw a final conclusion. 

To interpret the results of this and related studies on freezing of 
gait in advanced Parkinson's disease (Moreau et al., 2008, 2012; 
Chastan et al., 2009) and to strategize future directions of DBS for 
axial motor symptoms other aspects have to be considered: STN- 
DBS reprogramming (e.g. by modulating parameters to lower fre- 
quencies) was limited by recurrence of segmental symptoms 
(Moreau et al., 2008; Ricchi et al., 2012). This also applies 



when considering stimulation on a single SNr contact, which did 
not sufficiently control segmental motor symptoms (Chastan et al., 
2009) and, therefore, was not considered in this trial. Similarly, 
one might argue that the intermediate ventral subthalamic contact 
might have been more efficacious; however, several previous find- 
ings argue against this: the progressive amplitude increase on a 
dorsolateral subthalamic contact is likely to activate the ventral 
portion of the subthalamic nucleus, although, this was associated 
with a disproportional decline of gait impairment including freez- 
ing of gait (Moreau et al., 2008). Consistently, no differential 
therapeutic response of gait or balance impairments was found 
with dorsal versus ventral subthalamic nucleus stimulation 
(McNeely et al., 2011). The present study characterized a novel 
target of interest for future neuromodulation trials. The dorsolat- 
eral part of the SNr (Fig. 2) with mainly GABAergic and cholinergic 
projection neurons mediated our findings. Whereas, at the level of 
the pedunculopontine nucleus stimulation at lower frequencies 
below 35 Hz (Stefani et al., 2007; Ferraye et al., 2010; Moro 
et al., 2010; Thevathasan et al., 2011a) and at 70 Hz in unilateral 
stimulation (Moro et al., 2010) was put forward for gait therapy, 
stimulation on high frequencies might be superior on the level of 
SNr in the light of previous converging experimental evidence: SNr 
demonstrated pathological overactivity in Parkinson's disease (Breit 
et al., 2006) and high frequency stimulation may suppress SNr 
activity (Lafreniere-Roula et al., 2010). Similarly, pharmacological 
inhibition of SNr activity presented with 'prokinetic' effects and 
elicited dyskinesias (Dybdal et al., 2013) as similarly observed in 
two of our patients. Consistently, high-frequency SNr stimulation 
at 130 Hz (unlike 50 Hz) improved forelimb akinesia in a rat model 
of Parkinson's disease (Sutton et al., 2013). GABAergic inhibitory 
output from the SNr to the pedunculopontine nucleus was 
demonstrated in animal research including experiments in rats 
(Childs and Gale, 1983; Grofova and Zhou, 1998), cat (Noda 
and Oka, 1986; Nakamura etal., 1989), and non-human primates 
(Carpenter et al., 1981). Given the efferent monosynaptic 
GABAergic transmission from SNr to the pedunculopontine nu- 
cleus (Nandi et al., 2008), high-frequency stimulation at the 
level of SNr might attenuate an overinhibitory drive. 

A large body of clinical trials provides compelling evidence that 
axial impairment emerges along disease progression after primarily 
effective STN-DBS (Krack et al., 2003; St George et al., 2010; 
Castrioto et al., 2011; Nutt et al., 2011), however evidence- 
based data on how to treat these resistant symptoms is still lim- 
ited. It has to be kept in mind that clinical trials generally select for 
cognitively competent Parkinson's disease patients given that axial 
and cognitive impairments may demonstrate with coincidence. 
Whether the potential benefit from nigral stimulation applies to 
a larger proportion of patients with advanced Parkinson's disease 
remains to be determined and this consideration may include 
patients with predominant preoperative freezing of gait that are 
often precluded from DBS treatments. Genetic predictors and 
endophenotypes might be defined to indicate optimal target 
selection (Weiss et al., 2012b). 

This phase II trial opens the perspective that concomittant SNr 
stimulation might improve intractable freezing of gait. Field steer- 
ing applications like interleaved programming can be utilized as a 
reprogramming option if patients develop resistant freezing of gait 
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along disease progression. A larger randomized controlled phase III 
clinical trial to assess the efficacy of concomittant nigral stimula- 
tion on 'freezing of gait' and 'quality of life' is highly warranted. 
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